ABSTRACT: The vertical stability of the ARIES-I reactor design is analyzed with the NOVA-W, PSTAB, and TSC codes. A growth rate of N 5.7 8-l is predicted for a vacuum vessel positioned behind the scrapeoff, first wall, and blanket (0.7-m inboard and 0.9-m outboard thickness) and acting as a passive stabilizer. A reactive power of N 2 M V A would be required for active feedback coils located outside of the TF coils (-3 m beyond the plasma in the equational plane) to correct a 50-mm vertical displacement of the magnetic axis. A multipole-expansion technique used in the TSC analysis is also used to examine options that minimize stored energy.
INTRODUCTION
The ARIES-I tokamak reactor design' minimizes the cost of electricity ( W E ) by minimizing the plasma current and the associated current-drive cost. The resulting low beta (p N 0.02) deviceZ is characterized by a large safety factor (~9~ N 4), moderate-to-high aspect ratio ( A 2 4.5), high field [24 T at the toroidal-field (TF) coils], and high separatrix elongation (n= = 1.8). The large A and K make vertical stability an important issue for ARIES-I; related issues that must be addressed by the ARIES-I conceptual design are outlined below. A toroidally continuous conducting shell is required to retard the growth of an externally excited vertical instability that ranges from an Alfv6n time scale (rA N 10 p ) without a shell to a time Scale on the order of the electrical UR time constant of the shell, rLIR.
The passive stabilization provided by this shell must be augmented by an active-feedback system that provides vertical stability for times >, rLIR. A rigid-plasma model (PSTAB)3 and linear (NOVA-W)' and non-linear (TSC)s deformable-plasma models are used to estimate the conductor location and size required for passive stabilization. Timedependent TSC simulations are used to determine the current, voltage, location and size of the feedback coils.
The placement of the ARIES-I poloidal-field (PF) coils extemal to the TF coils permits the use of a multipole-expansion technique6#' to describe accurately the PFcoil fields used in TSC computations. Limiting the multipole expansion to hexapole and lower moments minimizes the number of dependent variables required to describe the plasma shape. Using the multipolesxpansion technique to examine plasma equilibria parametrically for a range of K and triangularity, 6 , values resulted in a prescription for minimizing the PFcoil stored energy, WPF, that is used in the ARIES-I systems code.2
MULTIPOLAR APPROACH
The TSC code5 was modified so that the poloidal flux produced by a PFcoil set could be determined either by specifying the PF-coil locations and currents or by specifying the amplitudes of the even and odd moments in the multipole-expansion series6 that is truncated beyond the even decapole. In addition, TSC was modified to perform the inverse operation of decomposing the poloidal flux produced by a PFcoil set into the multipole components of the same truncated series. The TSC code was then used to analyze parametrically the equilibrium of an A = 4.5 and n , = 2.13 interim design point. Because the PFcoils are relatively far from the plasma, the multipole expansion could be limited to hexapole and lower moments, thereby reducing the number of variables. The plasma current, toroidal field, profile form factors, major and minor radii, and the nullapole and dipole moments were held fixed at the interim deshn values, which differ somewhat from those reported in Ref. was selected as the dependent variable. The absolute magnitudes of these amplitudes were determined as the minimum amplitudes that produced a separatrix with the specified minor radius. This algorithm, subsequently, generates a set of plasma equilibria that are produced with a minimum PFcoil current, IIPFI. and a minimum WPF. Because plasma elongation and triangularity are produced primarily by the quadrupole and hexapole moments, respectively, this algorithm yields the 6 that minimizes WPF for a given n, as is shown in Fig. 1 . Plasmas below the 6-K correlation of Fig.   1 To pursue further the issue of minimizing WPF, a code FLXCON was developed to determine the locations and currents of a PF-coil set that would reproduce the flux pattern of a given set of multipole moments. The FLXCON code moves the coils along a specified surface while minimizing an object function defined as the sum of a term measuring the relative error with which the coils reproduce the flux of the given set of multipole moments on a test surface representative of the plasma surface and a term measuring WPF.
To illustrate the use of FLXCON, an HEQgenerated equilibriums for A = 4.5
and nz = 1.74 was modeled with TSC using the same set of 12 PF coils with 6 current groups; the HEU and TSC results are given for comparison in Table 1 . The small differences in RT, a, and K= between the HEQ and TSC results are directly attributable to numerical inaccuracies in both codes. The multipole decomposition of the PF-coil flux was used to generate three sets of six PF coils and six current groups labeled DEC, OCT, and HEX in Table I to denote the maximum multipole moment used. As the higher moments are eliminated shape because the higher moments were used inefficiently to suppress K and provide additional triangularity. A more efficient method to generate the same plasma shape would require less quadrupole and more hexapole, and will be used in the future.
TABLE I Equilibria Comparison with Different Multipole Moments
Major Radius, R T (~) 6 .12 Minor Radius, ~( m ) 1 where r, = 7-l is the vertical-instability time constant and y is the growth rate. A design constraint of f 2 1.3 is adopted to ensure that a sufficient stability margin exists above the y = CO limit under all plasma conditions. A preliminary analysis of the maximum allowable distance permitted between the plasma and the vacuum vessel for passive stability was performed with the PSTAB3 code. The PSTAB formulation assumes the plasma is a massless, rigid body simulated by an array of filamentary current elements. The equations describing a small vertical displacement in the presence of an array of resistive filamentary conductors simulating the passive stabilizer are linearized and solved as an eigenvalue p r~b l e m .~
The notation used to describe the location of the passive stabilizer relative to the plasma is shown in Fig. 2 . The plasma surface is assumed to be given by z = a K sin0 and R = RT + a cos(0 f 6 sine), where RT = 6 m is the major radius, a = 1 m is the minor radius, K = 2, 6 = 0.5, and the angle 0 varies from 0 to 2a. The passive stabilizer is placed on a surface parallel to the plasma surface. The poloidal coverage, p / a , and the normalized radial location, c / a , of a passive outboard stabilizer were varied for A = 6; results are shown in Fig. 3 . Relatively small passive stabilizers ( p / u N 0.2) meet the stability constraint, but these conductors must be located close to the plasma (./a 5 1.1). Such small values of c/a would have an adverse effect on tritium breeding and problems related to neutron damage and activation are expected. Placement of the passive stabilizer behind the 0.9-m-thick outboard blanket, first wall, and scrapeoff with full coverage on the outboard side does not provide sufficient stabilization (i.e., f > 1.3). Vertical-stability and physics considerations drove the design to A = 4.5, which turns out to be the minimum cost design,2 with a passive stabilizer positioned behind both 0.7-m-thick inboard and the 0.9-m-thick outboard blanket, first wall, and scrapeoff. In order to find a vertically-stable design at A = 4.5, the elongation was varied with the passive-stabilizer geometry shown in Fig. 4 , results are shown in Fig. 5 . This analysis indicates that K~< N 1.83 is required for a stabilizer located behind the inboard and outboard blankets. The accuracy of the PSTAB results was then checked by benchmarking the K~ = 1.74 case against the TSC and NOVA-W codes. The TSC code5 performs time-dependent simulations of free-boundary, axisymmetric plasmas and the associated external circuits and, consequently, is more costly to use than either PSTAB or NOVA-W. A two-dimensional transport model is used in TSC to describe a plasma interacting with external conductors that obey circuit equations with active-feedback amplifiers included. The plasma force balance in TSC is modified by scaling up the plasma mass and viscosity to maintain the plasma in force balance, while alleviating the time-scale disparity between wave and diffusion phenomena. This parameter scaling does not affect plasma bulk motion that is stable on the ideal MHD time scale factor and then extrapolated to a unity mass enhancement factor to determine the mass independent value of T, reported in Table II . This extrapolation is accurate as is demonstrated by the passage of the polynomial fit through the smallest mass-enhancement-for result displayed in Fig. 6 . This calculation was repeated with the NOVA-W code: which is an extension of the non-variational ideal MHD code NOVA' O that allows for resistive walls and feedbackcircuits in the vacuum region. A Green's function formulation is used to express the perturbed poloidal flux in the vacuum region in terms of the perturbation amplitude on the plasma boundary. A thin-wall approximation is used to calculate the time derivative of the poloidalflux perturbation at the resistive wall where a discontinuity exists in the flux gradient. The NOVA-W result is given in Table II . Agreement between NOVA-W and TSC is good at 1% for r, and <l Yo for f, but agreement between PSTAB and TSC is 24 Yo for r, and 21 Yo for f. (Fig. 4) are given in Fig. 7 . A gain for driving the feedback-coil current was selected to yield a common value of G --2.6 for the dimensionless gain defined as the ratio of the response flux difference produced by the feedback coils to the flux difference produced by the plasma in the pickup coils. The dimensionless gain must be in the range of -1 to -10 to ensure stability and practicality of the feedback system (yet to be designed). A value of G --2. Radial Location, c/a first-wall, and scrapeoff thickness will improve passive stability (i.e., raise f).
However, the larger K will exacerbate the passive-stability problem. Further analysis of the new design point is required to resolve fully the passive stability of ARIES-I. An active-feedback power of N 2 M V A was required to suppress a 50-mm displacement of the magnetic axis with coils positioned outside of the TF coils.
